1. The ventilatory response to carbon dioxide was measured in a group of patients with chronic obstructive airways disease using a rebreathing method.
5.
It was suggested that whatever the underlying complex mechanisms that determine the response to COz, the FEVl can be used as an empirical factor for the prediction of this response in patients with chronic obstructive airways disease.
It is well known that the ventilatory response to inhalation of carbon dioxide is reduced in patients with chronic obstructive airways disease. The mechanisms responsible for this reduction are undoubtedly complex. Increased buffering capacity of the blood, a reduced maximum breathing capacity and a decrease in the sensitivity of the respiratory centre to carbon dioxide have all been suggested as possible factors (Scott, 1920; Donald & Christie, 1949; Prime & Westlake, 1954; Tenney, 1954; Alexander, West, Wood & Richards, 1955) . In the investigation of the relative importance of the above factors in reducing the response to CO,, it has consistently been noted that this response is related to the initial arterial Pco,. Tenney (1954), in an elegant study which included patients with metabolic as well as respiratory acid-base disturbances, showed that the response to CO, follows a generally predictable trend determined by the resting CO, content. Clark (1968) found, in patients with chronic airways obstruction, 
T. K. C. King and D . Yu a significant correlation between the ventilatory response to CO, and the resting mixed venous
Pco, but the correlation between this response and the FEVl was poor. This paper presents data showing the ventilatory response to CO, correlates better with the FEVl than the resting arterial Pco, in an unselected group of patients with chronic obstructive airways disease.
M A T E R I A L S A N D M E T H O D S
The patients studied all suffered from chronic non-specific disease of the lung (Ciba Guest Symposium, 1959) with varying degrees of airway obstruction. They were in-patients or had been in-patients in hospital with an exacerbation of their disease. However, at the time of study, they had all recovered from their acute illnesses and their disease was in a relatively static phase. They were unselected in so far as any patient who could tolerate breathing through a mouth piece was included. In all, nineteen patients were studied and one patient was investigated twice on different occasions.
The test was performed with the patient in the sitting position and a Cournand needle inserted into a brachial artery. Patients were allowed 10 min to get used to breathing through a mouth piece. The resting ventilation was then measured over a 3-min period by collecting the expired gas in a recording Tissot spirometer. The gas passing in and out of the mouth was continuously sampled, its CO, concentration measured with a rapid infra-red CO, analyser (Godart capnograph CG 119), and the sampled gas returned to the Tissot. The output of the capnograph was fed to a Sanborn UV recorder to give a continuous record. An arterial sample was withdrawn during the period of gas collection for the estimation of the resting Pco,, Po, and pH.
The ventilatory response to CO, was obtained using a rebreathing technique similar to that described by Read (1967) . A bag-in-the-box system was connected to a Collins 9 1. spirometer which recorded the breath by breath ventilation as well as the integrated inspired volume. The rebreathing bag was filled to a volume of 5 1. with a mixture of carbon dioxide in oxygen such that the Pco, of this mixture was close to the mixed venous Pco, of the patient (usually in the range of 7-10% CO,). Rebreathing was commenced after a maximal expiration and continued for 4 min. The CO, concentration of the gas passing back and forth between the patient's lungs and the rebreathing bag was continuously recorded as described above and the sampled gas returned to the rebreathing bag. End tidal and arterial Pco, equilibrium was checked towards the end of the period of rebreathing when a further sample of arterial blood was withdrawn over a half minute period for blood gas and pH estimations. The above experiment was repeated after the patient was given a 15-min rest. Finally, the FEV, and FVC of the patient were determined, taking the average of the last three out of five measurements. The response time of the infra-red COz analyser (Godart capnograph) was 0.08 s. To ensure that its electrical calibration had not altered, the instrument was calibrated from time to time with standard mixtures of moist gas containing different concentrations of CO, in high 0, to simulate end tidal gas during rebreathing. CO, concentration was measured to the nearest 0.05%. Arterial Pco,, Po, and pH were measured with Radiometer electrodes. Duplicate readings of Pco, and Po, were required to agree to within 2 mmHg and pH within 0.005 units.
All gas volumes were'expressed in litres at BTPS.
RESULTS
An example of the data collected during rebreathing tests on a patient is shown in Table 1 . The method of analysis is the same as that first described by Read (1967). Briefly, ventilation and mean end tidal Pco, are calculated for successive half minute intervals of rebreathing. 
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Pet,co2, End tidal COz tension; Pa,co2, Arterial C02 tension; vBTPS, Minute volume of ventilation corrected to BTPS; f, Rate of breathing; VT, Tidal volume at BTPS.
The ventilatory response to CO, is then the slope of the straight line of best fit through the results representing the second to the eighth half-minute intervals of rebreathing ; this line being calculated by the method of least squares. The result for the first half-minute interval is not included in the calculation of the slope since it takes approximately 15 s of rebreathing before a steady progressive CO, stimulus is generated. In most patients good linearity was found between ventilation and end tidal PCO, as indicated by a high correlation coefficient between these two measurements. Details of the patients and their ventilatory response to CO, are given in Table 2 . In three patients, for technical reasons, only one response curve was obtained. In all others the ventilatory response was taken to be the mean of the two consecutively determined response curves. End tidal and arterial Pco,, measured towards the end of rebreathing, differed by less than 2 mmHg in most patients. Fig. 1 shows that there is a curvilinear relationship between the response to CO, and the resting arterial Pco,. The best simple linear correlation between the CO, response and the resting arterial Pco, (r = 0.69) is shown in Fig. 2 in which the reciprocal of resting arterial Pco, appears on the abscissa. This correlation is statistically significant (P<O-OOl). Fig. 3 shows the relationship between the CO, response and the FEV, where a very high correlation coefficient (r = 0.91, P<O.OOl) is obtained. The linear regression equations for the data points in Figs 2 and 3 are shown in Table 3 which also gives the result of an analysis of variance to determine the relative importance of FEV, and resting Pa,co,. Consideration of FEV, alone explains 83% of the variation in the CO, response and this is not significantly improved by the additional consideration of resting Pa,coZ (P> 0.3). Resting Pa,coz alone explained only 47% of the variation in the CO, response and the additional consideration of the FEV, significantly improved the explained variation (P < 0.001).
DISCUSSION
The response to CO, is determined traditionally by the inhalation of a mixture of CO, in oxygen or air for some 15-30 min or until the ventilation becomes stable (steady state). Two or more mixtures with different concentrations of CO, are required to obtain a response curve. It is a lengthy procedure not always suitable for studying the very ill patient. The rebreathing method, as described by Read (1967) , produces a CO, response curve in 4 min. Furthermore, he has shown that the reproducibility and the slopes of the response curves so obtained are comparable to those reported for the steady state. In this study, although there were insufficient determinations in any one patient to permit the calculation of the standard deviation of the C 0 2 response, the reproducibility of the duplicate CO, response curves suggests that a similar order of repeatability was obtained. Also, the similarity of the relationship between the CO, response and the resting Pa,co, in this study (Fig. 1) and that of Prime & Westlake (1954) using a steady state, indicates that the rebreathing method provides similar information about the response to CO,.
While the significant correlation between the ventilatory response to CO, and the resting Pa,co, is in agreement with previous studies (Prime & Westlake, 1954; Tenney, 1954; Flenley & Millar, 1967; Clark, 1968) , the correlation between this response and the FEVl shown in this study may seem to differ from that presented in an earlier study by Clark (1968) using similar methods to obtain the CO, response. Clark (1968) classified his patients into the emphysematous, bronchial and mixed type and found some correlation between the CO, response and the FEVl in the emphysematous patients (r = 0.45) but no correlation in the bronchial type and no overall correlation. The majority of our patients correspond to Clark's mixed type and, as is common among our chronic respiratory patients, most of them are opium smokers. Although it was not specifically pointed out by Clark (1968) , calculation of the data in his Fig. 2 shows that the best correlation between C 0 2 response and FEVl is in fact to be found in his mixed type (r = 0.57). Furthermore, if the data on one patient were to be omitted, a correlation coefficient as high as 0.8 (Pt0-01) is obtained for his mixed type. Thus our data essentially agree with those of Clark who, in fact, envisaged the possibility that larger samples of each type of patient may reveal a correlation between the ventilatory response to C 0 2 and FEVl that is significant for each type.
Increase in the buffering capacity of blood in patients may lead to a smaller increment in the hydrogen ion concentration for a given increase in Pa,co,. The reduced hydrogen ion stimulus may be responsible for the diminished ventilatory response to CO,. However, there is evidence that increase in buffering capacity is insufficient to account for the reduced response to CO,. In studies employing the steady state method, Flenley & Millar (1967) demonstrated that in patients with obstructive disease, the ventilatory response is still significantly lower when considered in unit increments of arterial hydrogen ion concentration. Similarly, in the rebreathing method, Laszlo, Clark & Campbell (1969) showed that a reduced ventilatory response may be associated with normal values of A(H+)/APa,co, and therefore a normal combined CO, and hydrogen ion stimulus. The values of A(H+)/APa,co, presented here (Table 2) represent the difference between the resting steady state and that during rebreathing. As was pointed out by Laszlo et al. (1969) , A(H+)/APa,co, in a changing state, such as during rebreathing, is not comparable to that of the steady state. However, the similarity of the values of A(H+)/APa,co, in all the patients in this study (Table 2 ) supports the view that there is no important difference in the hydrogen ion stimulus to account for the difference in CO, response among this group of patients.
In patients without pulmonary disease, Tenney (1954) demonstrated changes in the ventilatory response to CO, in association with metabolic acid-base disturbances. Furthermore, with correction of the acid-base imbalance there is a predictable return towards normal in the CO, response. Unless there were acute changes in the respiratory mechanics, these results indicate that adaptation of the respiratory centre to CO, is important in determining the CO, response. In patients with obstructive airways disease there seem to be at least two possible reasons why the ventilatory response to CO, is reduced: (1) mechanical factors may prevent a normal respiratory centre from generating an adequate ventilatory response; (2) the respiratory centre may become abnormally insensitive to CO, in the presence of a chronically elevated resting Pa,co,. In support of the former possibility, the ventilatory response to CO, has been shown to alter with introduction of artificial airway obstruction when presumably there is no change in the sensitivity of the respiratory centre (Cherniack & Snidal, 1956 ). This response, therefore, is not a suitable measure of respiratory centre sensitivity to C 0 2 in the presence of obstructive airways disease. In support of the latter possibility, it has been observed that the reduced ventilation in response to inhalation of C 0 2 is often well below the maximum breathing capacity of the patient, the implication being that disturbed mechanical function is not the only factor limiting this response. Using total mechanical work done by the respiratory muscles as an index of the sensitivity of the respiratory centre, Brodovsky, MacDonell & Cherniack (1 960) showed that in patients with obstructive airways disease there is, in addition to mechanical factors, a decrease in the respiratory centre sensitivity to CO,. Similarly Lane, Howell & Giblin (1968) , using inspiratory mechanical work rate as an index of sensitivity, showed that patients with a raised Pco, tend to have a reduced respiratory centre sensitivity to CO, even when the degree of expiratory obstruction is mild. While it is probable that both the above mechanisms play a part, nevertheless, in the present study, it seems that FEV, is an important factor for the estimation of ventilatory response to CO,. This is shown in Fig. 4 in which the CO, response of four patients with the same resting arterial Pco, (Fig. 4a) is contrasted with another four patients with similar FEV, but different resting Pa,co, (44-60 mmHg) (Fig. 4b) . In the patients with the same resting Pa,co,, the CO, response is influenced by the FEV, ; whereas in the patients with similar FEV,, the different Pa,co, appears to have little effect on the responses. Statistical analysis of the data for all patients (Table 3) confirms that FEV, is the important factor and while there is a significant correlation between the CO, response and the Pa,co,, the additional consideration of resting Pa,co, does not significantly improve the estimation of the CO, response. In normal subjects, the CO, response has been shown not to correlate with FEV, (Read, 1967) . It is tempting to speculate that in the absence of pulmonary disease, other factors such as the sensitivity of the respiratory centre to CO, are more important; whereas in obstructive airways disease mechanical factors play a major role and also determine the resting Pa,co,. This is supported by an overall correlation, not necessarily linear, between FEVl and resting Pa,co, both in this study (Table 3) and that of Lane et al. (1968) . FEV, is thus related to both the above mentioned mechanisms affecting CO, response and hence might be expected to correlate with the ventilatory response to CO,. Whilst the factors determining the ventilatory response to CO, are undoubtedly complex, it appears that in patients with obstructive airway disease, consideration of the FEV, also accounts for the decreased sensitivity of the respiratory centre and FEV, can be used as an empirical factor in the prediction of this response.
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